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December 11, 2017 

Honorable Governors Andrew Cuomo of New York and Ricardo Rosselló of Puerto Rico, 

Thank you for your leadership in convening the Puerto Rico Energy Resiliency Working Group.  On behalf of the Working Group, I am 

presenting the enclosed report ά.ǳƛƭŘ .ŀŎƪ .ŜǘǘŜǊΥ wŜƛƳŀƎƛƴƛƴƎ ŀƴŘ {ǘǊŜƴƎǘƘŜƴƛƴƎ ǘƘŜ tƻǿŜǊ DǊƛŘ ƻŦ tǳŜǊǘƻ wƛŎƻΦέ   As you will read, 

this report provides an assessment of the electric power system storm damage caused by hurricanes Maria and Irma, describes a 

new system design basis, and proposes redesign and rebuild recommendations for strengthening the power grid of Puerto Rico. 

The Working Group included the following representatives: New York Power Authority, Puerto Rico Electric Power Authority, Puerto 

Rico Energy Commission, Consolidated Edison Company of New York, Inc., Edison International, Electric Power Research Institute, 

Long Island Power Authority, Smart Electric Power Alliance , U.S. Department of Energy, Brookhaven National Laboratory, National 

Renewable Energy Laboratory, Grid Modernization Lab Consortium, Pacific Northwest National Lab and PSEG Long Island, an agent 

for and on behalf of the Long Island Lighting Company d/b/a LIPA. 

Steering Committee Principals: 

   

Gil Quiniones President and Chief Executive Officer New York Power Authority 

John McAvoy Chairman and Chief Executive Officer Consolidated Edison Company of New York, Inc.  

Pedro Pizarro President and Chief Executive Officer Edison International and Electric Power Research Institute 

Tom Falcone Chief Executive Officer Long Island Power Authority 

Bruce Walker Assistant Secretary, Office of Electricity Delivery 

and Energy Reliability 

Department of Energy 

Julia Hamm President and Chief Executive Officer Smart Electric Power Alliance 

Nisha Desai Board Member Puerto Rico Electric Power Authority  

Our overriding goal is to ǎǳǇǇƻǊǘ ǘƘŜ tǳŜǊǘƻ wƛŎƻ DƻǾŜǊƴƻǊΩǎ hŦŦƛŎŜΣ tw9t!Σ ƛƴǘŜǊŜǎǘŜŘ ǎǘŀƪŜƘƻƭŘŜǊ ŀƎŜƴŎƛŜǎΣ ŀƴŘ ǘƘŜ CŜŘŜǊŀƭ 

Emergency Management Agency in defining first level funding requirements and electric power system rebuild recommendations. 

Our analysis and recommendations are based on the direct participation, experience, and expertise of the members of the Working 

Group, many of whom have been working in Puerto Rico alongside Puerto Rico Power Authority personnel to assess the damage to 

ǘƘŜ ƛǎƭŀƴŘΩǎ ƎŜƴŜǊŀǘƛƻƴΣ ǘǊŀƴǎƳƛǎǎƛon and distribution assets.  The Build Back Better recommendations are guided by our collective 

experience with power system recovery, rebuilding, and hardening, as we grappled with hurricanes that have hit the US mainland. 

The Working Group offers a roadmap outlining short-term, mid-term and longer-term actions to implement resiliency and hardening 

ƳŜŀǎǳǊŜǎ ǘƘŀǘ ŀǊŜ ŘŜǎƛƎƴŜŘ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ŎŀǇŀōƛƭƛǘȅ ƻŦ tǳŜǊǘƻ wƛŎƻΩǎ ŜƭŜŎǘǊƛŎ ǇƻǿŜǊ grid to withstand future storms. The 

recommendations include the modernization of the Puerto Rico electric grid, leveraging proven power system technologies to better 

contain outages, reduce recovery times, lower operation costs, and enable more sustainable energy resources that will reduce 

reliance on imported fuel.  Additionally, we are recommending the use of increased renewable energy resources, such as wind and 

solar and incorporating new distributed energy resource technologies, such as energy storage and microgrids to enable energy to 

become abundant, affordable, and sustainable to improve the way of life for the citizens of Puerto Rico. 

Once again, thank you for the opportunity to assist our fellow citizens in Puerto Rico during this difficult period and we remain 

dedicated to contributing to this most worthwhile effort to rebuild the power grid in Puerto Rico. 

Respectfully yours, 

Gil Quiniones 

 

President and Chief Executive Officer, New York Power Authority 

Chair, Puerto Rico Energy Resiliency Working Group  
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Disclaimer 

This report was prepared by the Puerto Rico Energy Resiliency Working Group members and Navigant Consulting, Inc. 

(collectively, Working Group). The information presented in this report represents the Working GroupȭÓ professional judgment 

based on the information available at the time this report was prepared. All information furnished in this report is provided Ȱ!3 

)3ȱȢ  4ÈÅ 7ÏÒËÉÎÇ 'ÒÏÕÐ is ÎÏÔ ÒÅÓÐÏÎÓÉÂÌÅ ÆÏÒ ÔÈÅ ÒÅÁÄÅÒȭÓ ÕÓÅ ÏÆȟ ÏÒ ÒÅÌÉÁÎÃÅ ÕÐÏÎ, the report, nor any decisions based on the 

report. Readers of the report are advised that they assume all liabilities incurred by them, or third parties, as a result of their 

reliance on the report, or the data, information, findings and opinions contained in the report.  

 

THE WORKING GROUP, THE WORKING GROUP MEMBERS AND THEIR RESPECTIVE AFFILIATES, THE UNITED STATES 

GOVERNMENT, AND ANY AGENCY THEREOF, AND THE RESPECTIVE EMPLOYEES, OFFICERS, DIRECTORS AND TRUSTEES, 

CONTRACTORS AND  SUBCONTRACTORS OF THE WORKING GROUP MEMBERS, AND THEIR RESPECTIVE AFFILIATES MAKE NO 

WARRANTIES OF ANY KIND, EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION ANY WARRANTIES OF 

MERCHANTIABILITY OR FITNESS FOR ANY PARTICULAR PURPOSE OR NONINFRINGEMENT, AND SHALL HAVE NO LIABILITY OR 

RESPONSIBILITY FOR THE ACCURACY, COMPLETENESS, OR USEFULNESS OF ANY INFORMATION, APPARATUS, PRODUCT, 

RECOMMENDATION OR PROCESS DISCLOSED IN THIS REPORT OR OTHERWISE.   

 

Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 

otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the Working Group, the 

Working Group members or their affiliates, the United States Government or any agency thereof, or any respective contractor 

or subcontractor thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the 

United States Government or any agency thereof.  
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Executive Summary 

Hurricane Irma struck Puerto Rico's northern coastline on 

September 6 and 7, 2017 as a Category 5 storm, knocking 

out power to more than one million residents and critical 

infrastructure. Two weeks later, on September 20, 2017, 

Hurricane Maria made its way up the Caribbean as a 

Category 4 hurricane, bringing winds of 150+ mph and 

dumping 25 inches of rain, resulting in catastrophic damage 

of historical proportion.  

 

'ÏÖÅÒÎÏÒ 2ÏÓÓÅÌÌĕ ÃÁÌÌÓ ÔÈÉÓ Á ȰÔÒÁÎÓÆÏÒÍÁÔÉÖÅ ÍÏÍÅÎÔ ÉÎ 

ÔÈÅ ÈÉÓÔÏÒÙ ÏÆ 0ÕÅÒÔÏ 2ÉÃÏȢȱ The magnitude of devastation 

to the Puerto Rico electric power system presents an 

unprecedented opportunity to rebuild and transform the 

system to one that is hardened, smarter, more efficient, 

cleaner, and less dependent on fossil fuel imports. A 

transformed electric power system for Puerto Rico is one 

that is designed with the resiliency to withstand future 

storms and is built with modern grid technologies and 

control systems.  This system will deliver increased 

renewable energy resources, such as wind and solar; 

incorporate new distributed energy resource technologies, 

such as energy storage and microgrids; reduce the 

dependency on fossil fuels; and enable energy to become 

abundant, affordable, and sustainable to improve the way 

of life in the Commonwealth of Puerto Rico. 

 

The purpose of this report is to provide an assessment of 

the electric power system storm damage, describe a new 

system design basis, and propose rebuild recommendations 

for the Puerto Rico Power and Grid Resiliency rebuild 

initiative. This report is positioned to support the Puerto 

2ÉÃÏ 'ÏÖÅÒÎÏÒȭÓ /ÆÆÉÃÅȟ %ÌÅÃÔÒÉÃ 0Ï×ÅÒ !ÕÔÈÏÒÉÔÙȟ ÉÎÔÅÒÅÓÔÅÄ 

stakeholder agencies, and the Federal Emergency 

Management Agency (FEMA) in defining first level funding 

requirements and electric power system rebuild 

recommendations. 

 

The information in this report is provided through direct 

participation, experience, and expertise of the members of 

the Puerto Rico Energy Resiliency Working Group (Working 

'ÒÏÕÐɊ ÅÓÔÁÂÌÉÓÈÅÄ ÕÎÄÅÒ ÔÈÅ .Å× 9ÏÒË 3ÔÁÔÅȭÓ 'ÏÖÅÒÎÏÒȭÓ 

office to aid Puerto Rico in the damage assessment and 

                                                                    
1 Navigant Consulting, Inc. is providing power system subject matter 

expertise, project management and report development as a consultant 

to the Working Group. 

rebuild planning for the electric power system.  The 

Working Group includes the following members1: 

 

New York Power Authority (NYPA), Puerto Rico Electric 

Power Authority (PREPA), Puerto Rico Energy 

Commission, Consolidated Edison Company of New 

York, Inc. (Con Edison), Edison International, Electric 

Power Research Institute (EPRI), Long Island Power 

Authority (LIPA), Smart Electric Power Alliance (SEPA), 

U.S. Department of Energy (DOE), Brookhaven 

National Laboratory (BNL), National Renewable Energy 

Laboratory (NREL), Pacific Northwest National 

Laboratory (PNNL), Grid Modernization Lab 

Consortium (GMLC), and PSEG Long Island, an agent 

for and on behalf of the Long Island Lighting Company 

d/b/a LIPA (PSEG Long Island). 

 

The rebuild recommendations are based on experience 

with power system recovery, rebuilding, and hardening 

from hurricanes encountered on the US mainland over the 

last decade. The recommendations include the use of 

modern technology and incorporate lessons learned from 

the successful rebuild efforts in other regions, post natural 

disasters, such as Hurricane Sandy in New York. 

Additionally, the rebuild recommendations align with the 

$/%ȭÓ ÒÅÃÏÍÍÅÎÄÁÔÉÏÎÓ ÆÏÒ ÐÏ×ÅÒ ÓÙÓÔÅÍ ÈÁÒÄÅÎÉÎÇ ÁÎÄ 

resiliency.2 

Assessment and Recommendations 

Approach 

Puerto Rico power system information (pre- and post- 

storm) was collected, analyzed, and used to define the 

recommendations and cost estimates included herein. The 

onsite damage assessments completed to date by NYPA 

and Con Edison, supported by documentation from PREPA, 

are high-level condition assessments to support the initial 

rebuild planning and estimation process. The latest 

Consulting Engineers report (2013) and the Integrated 

Resource Plan (IRP) (2015) were key sources for the power 

system details used to shape the rebuild recommendations 

in this report. 

 

2 Hardening and Resiliency: U.S. Energy Industry Response to Recent 

Hurricane Seasons, Infrastructure Security and Energy Restoration, Office 

of Electricity Delivery and Energy Reliability, US Department of Energy, 

2010. 
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Site-by-site engineering studies are required to further 

catalog all damage, verify weakened infrastructure in need 

of hardening, and document abnormal conditions to 

develop site and device specific requirements and next-

level cost analysis for the rebuild effort. 

 

FIGURE E-1. POWER AND GRID REBUILD APPROACH 

 
Source: SEPA 

Rebuilding for the Future 

As illustrated in Figure E-1, there are short-term recovery 

objectives and longer-term design and rebuild objectives to 

be considered when building back the system. This report 

focuses on rebuilding the Puerto Rico electric power 

system to current codes and industry best practices, 

hardening for greater storm resiliency, and designing for 

the future. To harden the transmission and distribution 

(T&D) infrastructure, physical and structural improvements 

to lines, poles, towers, substations, and supporting facilities 

will be needed to make them less vulnerable to the 

damaging effects of hurricane winds and flooding.   

  

Consistent with observed wind speeds from Maria, 02%0!ȭÓ 

system should be designed and constructed to withstand 

an upper Category 4 event (155 mph winds) and heavy 

flood waters. To harden and enhance the resiliency of 

02%0!ȭÓ ÓÙÓÔÅÍȟ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÍÅÁÓÕÒÅÓ ÁÒÅ ÐÒÏÐÏÓÅÄ: 

1. Reinforce existing direct-embedded poles with 

enhanced support such as perimeter injected 

concrete grout or other soil stabilization 

2. Upgrade damaged poles and structures to a higher 

wind loading standard 

3. Strengthen poles with guy wires 

4. Install underground power lines in select areas prone 

to high wind damage  

5. Modernize the T&D system via smart grid 

investments to make the system less susceptible to 

extended outages 

6. Install automated distribution feeder fault 

sectionalizing switches to enable fault isolation and 

reduce outage impact 

7. Deploy modern control systems to enable distributed 

energy resources (DER) integration and encourage 

their development 

8. Adopt effective asset management strategies, such 

as the targeted inventory of critical spares 

9. Institute consistent vegetation management 

practices 

10. Apply enhanced design standards for equipment and 

facilities damaged in the recent storms 

 

This report includes recommendations to modernize the 

Puerto Rico electric grid, leveraging proven power system 

technologies to 

better contain 

outages, reduce 

recovery times, 

lower operations 

costs, and enable 

more sustainable 

energy resources. 

This includes using 

advanced sensors 

and intelligent 

fault interrupting 

devices and 

developing a 

condition-based 

asset 

management 

program to 

increase 

availability of 

critical equipment and overall power system reliability. 

 

Additionally, the increased use of renewablesɂin support 

of the Puerto Rico Renewable Portfolio Standard (RPS) of 

HARDENING AND RESILIENCY 

CONSIDERATIONS 

¶ Generation: Relocate smaller coastal or 
river-located facilities, use of load 
frequency control, build back 
renewable energy sources, and 
integrate DER  

¶ Transmission: New monopole towers, 
high strength insulators 

¶ Substations: Defense-in-depth 
(multilayered) flood protection 

¶ Distribution:  Use of concrete and 
galvanized steel poles, new backup 
control center 

¶ System Operations: Use of 
microprocessor-based devices and 
proven automation and control system 
technologies  
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20% by 20353ɂwill further reduce reliance on imported fuel, 

which costs Puerto Ricans more than $2 billion per year. 

 

The updated power system design will encourage DER 

technology providers to showcase their products and 

systems for global acceptance of such systems and set a 

model for the industry while promoting private 

investments in the use of renewables for a low carbon 

future. 

 

4ÈÅ ÅÖÁÌÕÁÔÉÏÎ ÏÆ 0ÕÅÒÔÏ 2ÉÃÏȭÓ ÇÅÎÅÒÁÔÉÎÇ ÆÌÅÅÔ ÃÏÎÓÉdered 

several issues: 

1. Near-term restoration of power to the island 

2. Opportunities to increase the use of DER 

3. Development of new targets for renewable 

resources 

4. Shift of fossil generation to primarily dual-fuel units, 

with primary fuel as natural gas 

5. Hardening of the generating facilities that will remain 

6. Reduction of generation reserve margin to 50% 

 

The issues noted above will require the 2015 IRP to be 

revisited for modification to ensure all necessary factors are 

considered, including the potential impact of increased 

DER, increased renewable targets, shift of fossil generation 

to natural gas, reduction of system reserve margin, etc. 

Depending on the results of the updated IRP, some 

generation plants could be slated for retirement and not 

require the full level of estimated expenditures for rebuild 

or hardening. 

 

At the time of this report, it is unclear what percentage, if 

any, of the PREPA system is being rebuilt to a high Category 

4 standard during restoration. As new information on the 

restoration design basis becomes available, it will be 

necessary to reassess the quantity of work that will be 

necessary after restoration. 

 

 

 

 

                                                                    
3 http://www.ncsl.org/research/energy/renewable-portfolio -

standards.aspx#pr 

Rebuild Cost Summary 

Table E-1 provides a cost summary for the recommended 

power system rebuild investments, which are further 

defined in the following sections. Additional cost detail is 

also provided in Appendix B of this report.  

 

TABLE E-1. REBUILD COST SUMMARY 

Rebuild Recommendations 
Total 

(Millions)  

Overhead Distribution (includes 38 kV) $5,268 

Underground Distribution $35 

Transmission - Overhead $4,299 

Transmission - Underground $601 

Substations ɀ 38 kV $856 

Substations ɀ 115 kV & 230 kV $812 

System Operations $482 

Distributed Energy Resources  $1,455 

Generation $3,115 

Fuel Infrastructure $683 
  

Total Estimated Cost $17,6064 

4 Each line item estimate includes a 30% scope confidence escalator.  Final 

cost estimates require multiple engineering studies and an updated IRP. 

http://www.ncsl.org/research/energy/renewable-portfolio-standards.aspx#pr
http://www.ncsl.org/research/energy/renewable-portfolio-standards.aspx#pr
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1. Introduction  

The purpose of this report is to provide analysis of the 

power system storm damage, describe the new system 

design basis and rebuild recommendations, and offer initial 

cost estimations and implementation planning for the 

Puerto Rico Power and Grid Resiliency rebuild initiative.  

This report is positioned to support the Puerto Rico 

'ÏÖÅÒÎÏÒȭÓ /ÆÆÉÃÅȟ %ÌÅÃÔÒÉÃ 0Ï×ÅÒ !ÕÔÈÏÒÉÔÙȟ ÉÎÔÅÒÅÓÔÅÄ 

stakeholder agencies, and FEMA in defining first level 

funding requirements and system rebuild 

recommendations for the Commonwealth of Puerto Rico. 

 

The rebuild recommendations are based on experience 

with power system recovery, rebuilding, and hardening 

from hurricanes encountered on the US mainland over the 

last decade. The recommendations include the use of 

modern technology and incorporate lessons learned from 

the successful rebuild efforts in other regions post natural 

disasters, such as Hurricane Sandy in New York. 

Additionally, the rebuild recommendations align with the 

DOEȭÓ recommendations for power system hardening and 

resiliency.5 

 

The recommendations address rebuilding for resiliency 

against future storms, including deploying DERs and 

industry best practices in automation and control system 

technologies, resulting in a more flexible system that is 

resilient, smarter, more efficient, and cleaner for Puerto 

Rico. DER recommendations leverage the role of 

renewables, storage, and consumer behavior, with 

investments in both customer-sited and grid-located 

technologies. Microgrids are also recommended for critical 

infrastructure, industrial and commercial, based on the 

current and forecasted energy demand density and 

customer mix. 

 

Integrating a higher penetration of renewables and DER as 

part of a more flexible, reliable, resilient, and efficient 

power system will require the use of new control system 

technologies such as an advanced distribution 

management system (ADMS) and a DER management 

system (DERMS). In addition, PREPA should consider best 

                                                                    
5 Hardening and Resiliency: U.S. Energy Industry Response to Recent 

Hurricane Seasons, Infrastructure Security and Energy Restoration, Office 

of Electricity Delivery and Energy Reliability, US Department of Energy, 

2010. 

practices in integrated system planning to properly 

manage, forecast, and optimize DER.  

Power and Grid Overview 

PREPA is a vertically integrated utility that supplies power 

to 1.4 million total customers in Puerto Rico and the smaller 

islands of Vieques and Culebra. The power system includes 

six fossil fuel and seven hydroelectric generation sites, 

owned and operated by PREPA, as well as privately owned 

generation facilities consisting of two cogeneration plants, 

two  windfarms, and five solar farms. The electric grid 

includes 2,478 miles of transmission lines, 31,485 miles of 

distribution lines across the service territory, and 334 

substations.6 PREPA generates approximately two-thirds of 

its electricity and purchases the remaining from third 

parties.  

 

Electric demand has declined from its historical system 

peak of 3,685 MW in FY 2006 to 3,159 MW in FY 20147 and 

3,060 MW in August 2017; further decreases are expected 

with post-storm migration to the mainland. The pre-storm 

electric power generating capacity was 5,839 MW, which 

included 961 MW provided by two co-generators 

(EcoElectrica and AES-PR) through 20-year power purchase 

operating agreements (PPOAs). EcoElectrica, L.P. in the 

Municipality of Peñuelas (507 MW of gas-fired capacity) and 

AES-PR in the Municipality of Guayama (454 MW of coal-

fired capacity) are the two largest sources of generation on 

the island.  

 

The power system supports the entire Commonwealth of 

Puerto Rico, a geographic area approximately 110 miles east 

to west and 35 miles north to south. The island includes 

central mountain ranges extending the length of the island 

from east to west with peaks as high as 4,390 feet. Coastal 

lowlands formed by the erosion of the central mountains 

extend inwards on the north coast for eight to 12 miles and 

three to eight miles in the south. The northern coastal 

lowlands are humid while those on the south side of the 

island are semi-arid. 

  

0ÕÅÒÔÏ 2ÉÃÏȭÓ ÇÅÏÇÒÁÐÈÙȟ ÃÌÉÍÁÔÅȟ ÁÎÄ ÄÉÓÐÅÒÓÉÏÎ ÏÆ ÉÔÓ 

electric power customers across the Commonwealth, as 

6 Substation count refers to the number of high side voltage transmission 

and sub-transmission substation sites. 

7 IRP Volume 1, 2015. 
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illustrated in Figure 1-1, present many challenges in 

operating and maintaining the power system. 

 

The electric power system consists of generation, 

transmission, distribution, communication, and control 

center facilities and is operated as a single integrated 

ÓÙÓÔÅÍȢ 02%0!ȭÓ ÔÒÁÎÓÍÉÓÓÉÏÎ ÁÎÄ ÄÉÓÔÒÉÂÕÔÉÏÎ (T&D) 

systems, a majority of which are above ground were 

particularly vulnerable to the high winds, torrential rains, 

and erosion-related landslides associated with the recent 

hurricanes. Significant winds can exceed structural capacity 

and storm water runoff fr om the mountains can cause 

serious flooding issues that result in long duration repairs 

to the power grid infrastructure. 

 

FIGURE 1-1. POPULATION DENSITY OF PUERTO RICO 

Source: 2000 Census 

The generation and flow of electricity within the system is 

maintained and controlled by primary and backup dispatch 

control centers. The primary dispatch center is located at 

Monacillos, approximately seven miles south of San Juan. 

Energy management and supervisory control and data 

acquisition (SCADA) systems are used to remotely control 

power flow on the island, including large generating units 

and various substations. The backup control center in 

Ponce is intended to be online continuously to assume 

control of the power system if the primary control center 

becomes inoperable. 

 

The interconnected transmission network includes supply 

circuits rated at 230 kV, 115 kV, and 38 kV, which transmits 

electrical power from generation plants to the distribution 

substations, where it is then delivered to customers via 

lower voltage distribution lines. The transmission system 

consists of 2,478 circuit miles of lines: 375 circuit miles of 

230 kV lines, 727 circuit miles of 115 kV lines, and 1,376 circuit 

miles of 38 kV lines. Included in these totals are 

approximately 35 miles of underground 115 kV cable, 63 

miles of underground 38 kV cable, and 55 miles of 38 kV 

submarine cable. 

 

PREPA-owned generation is primarily located along the 

northern and southern coasts. The north area of the island 

has two electric power generating facilities, with two of the 

largest and most critical generating facilitiesɂAguirre and 

Costa Surɂlocated in the south. These two electric power 

generation facilities are tied to each other using high 

voltage overhead transmission lines that run over 

mountainous terrain. Due to the physical location of these 

electrical connections, they are subjected to hurricane-

force winds and are most likely to fail, as experienced 

during Hurricane Maria. When these major pathways are 

rendered 

unusable, the bulk 

of the electric 

generation in the 

south cannot be 

moved to the 

north side of the 

island, where the 

highest level of 

electric demand 

exists. 

 

This presents a 

ÃÈÁÌÌÅÎÇÅ ÂÅÃÁÕÓÅ ÔÈÅ ÌÁÒÇÅÓÔ ÐÏÒÔÉÏÎ ÏÆ ÔÈÅ ÉÓÌÁÎÄȭÓ 

electric energy demand is concentrated in the northeast, in 

and around the city of San Juan. The high energy demand 

density is due to the highly concentrated population and 

the presence of ÃÏÍÍÅÒÃÉÁÌ ÁÒÅÁÓȟ Á ÓÅÁ ÐÏÒÔȟ ÔÈÅ )ÓÌÁÎÄȭÓ 

main port, and manufacturing plants. Manufacturing in 

0ÕÅÒÔÏ 2ÉÃÏȟ ÏÎÅ ÏÆ ÔÈÅ ÌÁÒÇÅÓÔ ÃÏÎÔÒÉÂÕÔÏÒÓ ÔÏ ÔÈÅ ÉÓÌÁÎÄȭÓ 

economy, is primarily pharmaceuticals and medical devices, 

with many major plants located in the northeast part of the 

island, as illustrated in Figure 1-2. This area accounts for 

approximately 65% of the systemȭÓ energy demand.  
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FIGURE 1-2. MANUFACTURING CENTERS IN PUERTO RICO8 

 
 Source: ACS Publications9 

Note: this figure does not represent all manufacturing on the island 

Magnitude of Impact 

Hurricane Irma struck Puerto Rico's northern coastline on 

September 6-7, 2017 as a Category 5 storm, killing at least 

three people and knocking out power to more than 1 

million residents and critical infrastructure. That weekend, 

PREPA restored service for approximately 70% of the 

affected customers, with others expecting to wait months 

for power to be restored.  

 

Two weeks later, on September 20, 2017, Hurricane Maria 

made its way up the Caribbean as a Category 4 hurricane, 

bringing winds of 150-plus mph and dumping 25 inches of 

rain on Puerto Rico. Hurricane Maria followed a 

northwesterly track as it reached Puerto Rico, with the 

southeast corner of the island being the first and one of the 

hardest hit areas.  

 

                                                                    
8 This figure is not considered to be inclusive of all the manufacturing on 

the island.  Reference Appendix D for additional manufacturing 

illustrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The storm ultimately impacted most of the island with a 

combination of high winds and flooding. Other severely 

impacted areas included the northern coast, as the rotation 

of the hurricane caused coastal surge to meet major rain 

runoff from the mountains, leading to sustained flooding. 

Transmission lines in the center of the island were severely 

impacted, as high winds were funneled through the 

changes in terrain and tore down large transmission lattice 

towers. 

Historical 

storm tracks, 

illustrated in 

Figure 1-3, 

suggest 

similar 

impacts can 

be expected 

in the future. 

9 http://pubs.acs.org/cen/_img/85/i01/8501bus1maplg.gif.  

Source: NYPA/Con Edison Damage Assessments 

Damaged Poles 

Source: NYPA/Con Edison Damage Assessments 

 

http://pubs.acs.org/cen/_img/85/i01/8501bus1maplg.gif
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FIGURE 1-3. HISTORICAL STORM TRACKS IN PUERTO RICO 

 Source: NOAA 

Maria devastated the island, which was still in emergency 

response mode following Irma. The combined impacts of 

the two hurricanes led to a complete failure of Puerto 

Rico's power grid, with little hope of a quick recovery. 

Because of the extended and unprecedented damage, a 

significant portion of the generation, transmission, and 

distribution system must be rebuilt, including high voltage 

transmission lines that often survive lower category 

hurricanes.  

 

The hurricanes decimated T&D lines across the island and 

caused widespread wind and flooding damage to 

substations, generation, and distribution facilities. Damage 

from the hurricanes resulted in the longest duration power 

outage in US history. This cataclysmic failure of the power 

grid provides a unique opportunity to rebuild and update 

the power system to 21st century technologies and best 

practices, enabling the rethinking of how power is 

generated and distributed to customers across Puerto Rico. 

 

 

  

Destroyed Wind Generation 

Source: NYPA/Con Edison Damage Assessments 
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2. Vision for The Future 

The road to the future requires resiliency and hardening 

ÍÅÁÓÕÒÅÓ ÔÈÁÔ ×ÉÌÌ ÉÎÃÒÅÁÓÅ ÔÈÅ ÃÁÐÁÂÉÌÉÔÙ ÏÆ 0ÕÅÒÔÏ 2ÉÃÏȭÓ 

electric power system to withstand future storms. 

Hardening involves instituting measures to improve the 

durability and stability of the infrastructure via the use of 

modern grid technologies, equipment, protective barriers, 

and enhanced communications and Information 

Technology (IT) and Operational Technology (OT) systems. 

Resiliency measures do not prevent damage but rather 

enable the power system to continue operating, and 

contribute to a more expeditious return to normal 

operations, even in the presence of widespread damage.  

 

The incorporation of modern grid technology and DER is 

key to rebuilding the system to ensure continuity of service 

to key industries and electric demand centers in the event 

of future storms. Relying on methods laid out by the DOE 

on hardening and resiliency, and direct experience with 

mainland storms, the Working Group suggests the 

following design principles for rebuilding the PREPA 

system. 

¶ Hazard resilience will need to be incorporated into 

the system design and operating plans. Renewable 

energy sources and distributed energy resources, 

including energy storage and microgrids should be 

incorporated into the redesigned system to improve 

storm resilience, reduce dependence on fossil fuels, 

and support a more sustainable energy future by 

reducing carbon producing generation.  

¶ Substations should be enhanced by upgrading relay 

protection equipment and SCADA systems to enable 

improved system control, reinforcing and hardening 

substation facilities through defense-in-depth flood 

protection, and adding security access and 

monitoring systems. Substations that are damaged 

completely from wind or flood waters in low-lying 

areas should be temporarily bypassed and 

permanently relocated to higher ground.  

¶ As stated in the 2015 IRP, PREPA seeks new, flexible 

generation to handle the intermittency of 

renewables. The grid can be built with smaller 

distributed generating units that provide greater 

system flexibility and redundancy, and help in the 

operating and spinning reserve margins. The PREPA 

power system could also serve as a model for the 

future development of advanced power generation, 

transmission, and distribution systems and the use of 

renewable resources throughout the Caribbean or 

other similar global locations.  

¶ A holistic implementation plan for substation and 

distribution automation, with computer-based 

control and monitoring technology is recommended 

to create a highly reliable, highly automated power 

system that can rapidly respond to real-time events 

and enable DER development. Technologies such as 

centralized Energy Management Systems (EMS), 

automated mapping and facilities management, and 

geographic information systems (GIS), in addition to 

the previously mentioned ADMS and DERMS will be 

integral to the operations technology environment.  

¶ PREPA must adopt a robust asset management 

approach which includes aggressive vegetation 

management and optimized maintenance programs 

with adequate staffing. Because of the tropical 

growth  in Puerto Rico, PREPA will likely need to 

adopt vegetation management programs that are 

more aggressive than the industry norm. 

T&D System 

/ÎÅ ÏÆ ÔÈÅ ËÅÙ ÆÅÁÔÕÒÅÓ ÏÆ ÔÈÅ ȬÂÕÉÌÄ ÂÁÃË ÂÅÔÔÅÒȭ ÓÔÒÁÔÅÇÙ ÉÓ 

to rebuild the T&D system using design standards capable 

of withstanding high Category 4 storms, with sufficient 

design margins to ensure high survivability for Category 5 

events in areas where damage is most likely to occur. Using 

GIS and available weather data, system planners can 

identify those areas on the island where critical facilities are 

located and where weather is typically most severe.  

 

This report considers best practices applied by mainland 

utilities that upgraded power system facilities following 

Hurricanes Sandy and Irene. For example, electric utilities in 

New York have identified cost-effective approaches to 

rebuilding substations in flood-prone areas. This targeted 

approach and opportunity to build upon lessons learned 

from other utilities will reduce the number of customers 

affected and time to restore service following major 

storms. 

 

The Working Group proposes a holistic approach to rebuild 

the T&D systemɂone that integrates technology, 

distributed generation, and energy storage with generation 

hardening outlined in subsequent sections of this report. 
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This includes an electric distribution system designed to 

readily integrate DER and maintain service continuity to 

critical customers and loads. Technology plays a key role, as 

upgraded communications and controls will provide control 

center personnel with the capability to better visualize and 

track outages and assess the status of power resources, 

with options to isolate damaged lines and reroute power to 

customers via alternate delivery paths.  

 

Additional pragmatic solutions include relocating lines next 

to existing highways and main thoroughfares to provide 

better access during reconstruction and reducing lifecycle 

cost and expeditious repairs in case of failure; improving 

guying hardware to strengthen distribution lines; and using 

low cost, wire mesh-lined flood barrier enclosures and 

sump pumps at transmission substations and electric 

power generation facilities. 

 

These apprÏÁÃÈÅÓ ÔÏ ÒÅÂÕÉÌÄÉÎÇ 02%0!ȭÓ T&D system 

ensure that proposed investments not only enhance 

electric system resilience, but do so in a manner that 

applies technology and lessons learned from other utilities 

and government agency programs to make the best use of 

rebuild funding. This approach is consistent with federal 

policies and initiatives to improve resilience via distributed 

resources, including renewable generation and storage. It 

also recognizes the need to enhance supply to critical 

customers and infrastructure. Hence, the design of the T&D 

system emphasizes flexibility and reliance on technology to 

improve the ability of the system to withstand major 

storms and to rapidly restore service during outages. 

 

The proposed investment to rebÕÉÌÄ 02%0!ȭÓ 4Ǫ$ ÓÙÓÔÅÍ ÉÓ 

$13.9 billion including $4.9 billion for transmission lines, $1.7 

billion for substations; $0.5 billion for systems and 

technology, communications, and control center 

enhancements; $1.5 billion for DER; and $5.3 billion for 

distribution lines. The cost of technology, communications, 

and operational systems used in conjunction with many of 

the proposed rebuilds is presented in the System 

Operations section. Many of these investments such as 

rebuilding distribution lines, can be implemented over the 

next year. More complex transmission line and substation 

rebuilds, where procurement of major equipment, various 

studies and detailed design can take one year or longer, are 

proposed over the next seven to 10 years. 

 

0ÅÒ ÒÅÃÅÎÔ ÁÓÓÅÓÓÍÅÎÔÓ ÁÄÄÒÅÓÓÅÄ ÉÎ 02%0!ȭÓ ΤΡΣ5 IRP, the 

plan was to reinforce the transmission system by improving 

the 115 kV north to south network by adding and upgrading 

lines to stabilize the system and better withstand critical 

contingencies. Exploring alternate means of transmission 

investments, including merchant transmission to improve 

the reliability and sustainability of the system is a critical 

ÃÏÍÐÏÎÅÎÔ ÏÆ ÔÈÅ 7ÏÒËÉÎÇ 'ÒÏÕÐȭÓ ÒÅÃÏÍÍÅÎÄÁÔÉÏÎs. 

Investments in areas such as distributed resources may 

involve third parties and private investment options that 

could affect the proposed level of rebuild investment 

required.  

System Operations 

Like most utilities, PREPA maintains operation control 

centers that monitor, operate, and control generating 

plants, the transmission network, and distribution facilities. 

02%0!ȭÓ ÐÒÉÍÁÒÙ ÓÙÓÔÅÍ ÃÏÎÔÒÏÌ ÃÅÎÔÅÒ ×ÁÓ ÓÐÁÒÅÄ ÍÁÊÏÒ 

ÄÁÍÁÇÅ ÂÙ ÔÈÅ ÓÔÏÒÍȠ ÈÏ×ÅÖÅÒȟ ÇÉÖÅÎ ÔÈÅ 7ÏÒËÉÎÇ 'ÒÏÕÐȭÓ 

recommendation to introduce new technologies to support 

02%0!ȭÓ ÇÒÉÄȟ ÉÔ ÉÓ ÁÎ ÏÐÐÏÒÔÕÎÅ ÔÉÍÅ ÔÏ ÍÏÄÅÒÎÉÚÅ ÔÈÅ 

control center facilities and their associated hardware and 

software. The recommended upgrades will not only 

improve the ability of PREPA to restore customers faster 

following major storms, but enable PREPA to efficiently 

manage the operation of traditional generating plants 

along with distributed resources, including energy storage 

systems capable of shifting mid-day solar output to align 

with evening peaks.  

 

The Working GrouÐȭÓ ÒÅÃÏÍÍÅÎÄÁÔÉÏÎ ÉÎÃÌÕÄÅÓ ÕÐÄÁÔÉÎÇ 

the primary control center to withstand a Category 5 

hurricane and associated flooding, abandoning the existing 

backup control center, and deploying a new mobile and 

containerized backup facility. Mobile backup control 

centers have been proven to be a cost-effective form of 

redundancy on the mainland.  

 

Facility upgrades would also include the consolidation and 

co-location of storm management centers at or near the 

control centers. Additionally, it will be important for PREPA 

to deploy and extend new communication networks to 

monitor and control distributed resources and to automate 

newly proposed intelligent devices on the distribution 

system. 

 

Also, in support of operations described elsewhere in the 

report, control center capabilities should be upgraded to 

enable active monitoring and control of distributed 

generation and microgrids. Upgrades include an enhanced 
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outage management functionality, integrated with an 

ADMS and DERMS to improve operational control of field 

devices and visualization of system operating conditions. 

Cyber and physical asset security must also be incorporated 

into all systems, including those that communicate with 

distributed resources, field devices, and customer meter 

data. 

Generation 

The generating capability of the PREPA fleet is 5,839 MW, 

including several power purchase agreements (PPAs) for 

fossil and renewable generation. The damage to PREPA 

generating facilities varied from extreme to minor, and 

several plants not only encountered damage from 

Hurricane Maria, but also from Hurricane Irma, which 

caused damage due to sea surge, making the generation 

system even more vulnerable to severe damage when 

Maria hit. 

 

The capacity of the generating fleet is notably higher than 

the PREPA peak of approximately 3,060 MW in August 

2017.10 Given this excess capacity and the need to rebuild, 

there are several options for modifying the size and 

technology of the generation fleet, including a potential 

reduction of reserve margin for PREPA.  

 

In 2015, PREPA completed an IRP that laid out a vision for 

moving toward more renewable and gas-fired generation 

and away from oil as a primary fuel. The IRP identifies 

generating units slated for conversion to gas or repowering 

with newer, more efficient technology such as F and H-class 

machines; some of the replacement generating units would 

have lower installed capacity, while approximately 1,100 

MW would be converted to limited use or entirely 

shutdown.  

 

The IRP also outlines a goal of approximately 20% 

renewable generation by 2035. Prior to the hurricanes, 

PREPA had executed over 60 contracts for large scale 

renewable energy, principally solar and wind.  Of those, 

seven solar farms with a total of 147.1 MW, two wind farms 

with a total of 121 MW, and two landfill gas facilities with a 

                                                                    
10 Peak load figure provided by PERPA. Future loads may decline due to 

population exodus, greater amounts of behind-the-meter generation, and 

closure of some businesses. 

11 Per Puerto Rico Act 82-2010, distributed generation does not count 

directly for the renewable generation goals.  

total of 4.8 MW had been constructed and were in 

operation to help reach the 20% target.11 The Working 

Group recommends that the IRP be revisited to incorporate 

storm hardening, improved system protection and control, 

increased use of distributed generation and accelerated 

penetration of renewables, while ensuring that the capacity 

meets the current and future energy demand of the island. 

Additionally, study of establishing new planning and 

operating generating reserve margins, taking all of these 

factors into account, to something closer to 50% 

(approximately 4,000 MW of firm capacity)12 is 

recommended. 

 

The estimated investment required to rebuild the plants to 

operating condition consistent with future needs is 

approximately $3.1 billion, including an estimated $2.8 

billion for replacing the Palo Seco plant with an F-class 

machine, replacing the steam units at Aguirre with an H-

class machine, and the installation of storm hardening for 

the sites. Much of this estimate is related to issues 

ÄÉÓÃÕÓÓÅÄ ÉÎ 02%0!ȭÓ )20Ƞ ÐÁÒÔÉÃÕÌÁÒÌÙ Mercury and Air 

Toxics Standards (MATS), system stability, fuel 

diversification, and unit flexibility needed to handle 

intermittent renewable resources. This estimate also 

includes funding to quickly move forward in restoring 

generation operability through key actions, including 

conducting more detailed testing and inspection analysis of 

each plant to further ensure public and worker safety and 

assess the true extent of damage sustained at the plant. As 

an example, if insulation on high pressure piping has been 

damaged or saturated with water, the integrity of the 

piping may be compromised. Similarly, ensuring that water 

has not been introduced into switchgear and/or other 

electrical equipment is vital to safe operations. 

 

While the storms created several significant challenges, 

they also now offer an opportunity for overall 

improvement and stability of the generating fleet, as well 

as the expedited implementation of the recommendations 

in the recent IRP. The timing of when the repairs and/or 

replacement will take place requires strong coordination 

that allows for the use of existing generating units for the 

short-term production of needed electricity, as well as the 

12 #ÕÒÒÅÎÔÌÙȟ ΫΨΣ -7 ÉÓ ÐÒÏÖÉÄÅÄ ÆÒÏÍ ÆÏÓÓÉÌ ÇÅÎÅÒÁÔÉÏÎ 00!ȭÓȟ ÁÎÏÔÈÅÒ ΨΦ 
MW from PREPA hydro plants and an additional 122 MW from solar and 

wind - the remaining 3,200 MW will need to come from the current PREPA 

fleet and/or distributed resources. 
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longer-term shift from oil- to gas-fired generation, 

installation of DER capabilities, and shutdown of existing 

older generation units. Further, the introduction of large 

and distributed renewable resources, including energy 

ÓÔÏÒÁÇÅ ÁÎÄ ÍÉÃÒÏÇÒÉÄÓȟ ÍÁÙ ÌÅÓÓÅÎ 02%0!ȭÓ ÄÅÐÅÎÄÅÎÃÅ 

on large central generating stations, with the potential to 

retire existing plants and/or defer new ones. 

Implementation Challenges and Considerations 

A rebuild project of this magnitude requires the 

consideration of several technical and non-technical factors 

necessary for the success of the project. In general, these 

include: 

¶ Management of Cash Flow ɀ Work that is proposed 

as a reimbursement from other funding sources, 

including federal funding, requires upfront  

expenditures. This is particularly problematic given 

0ÕÅÒÔÏ 2ÉÃÏȭÓ existing financial constraints. 

¶ Stafford Act Compliance ɀ Generally, federal funding 

requires the use of US-sourced material, a strict 

procurement process, a strong quality assurance 

capability, strict accounting, and an on-going audit 

process. 

¶ Supply Chain ɀ Competitive bidding on both 

equipment purchases and construction contracts is 

needed. Where FEMA funds are used, a strict 

adherence to an agreed upon protocol is necessary. 

¶ Labor Force ɀ This project can provide opportunities 

for retention of on-island skilled labor and 

development of new high-quality jobs. 

Recommendations in this report will require 

development of the on-island workforce to operate 

the system with new technologies and methods. 

Many of the skill sets, such as linemen and mechanics 

are in short supply generally in the US, making the 

constant staffing of future projects problematic.  

¶ Permitting  and Environmental Reviews ɀ Because 

the next severe weather event can happen any time 

and the projects recommended in this report will 

take many years to complete, it is essential that any 

permitting and required environmental reviews, 

especially for the recommended transmission 

enhancements, be expedited.  

¶ Future Planning ɀ This report recommends a higher 

consideration of new distributed generation 

resources and a careful consideration of the 

traditional generation requirements. PREPA should 

incorporate these approaches into a revised IRP and 

consider permanently retiring excess generation 

facilities. 

¶ Stewardship ɀ It is critical that strong asset 

management principles and practices are 

implemented with the reinstallation and replacement 

of power system equipment. Asset Management 

practices should include an inventory of assets and 

the entry of asset records into GIS and Asset Registry 

systems. Elements of a best practice asset 

management system includes developing 

standardized asset strategies, policies, and 

procedures, optimizing capital programs, optimizing 

lifecycle management of assets, mitigating operating 

risk, implementing an optimized maintenance 

program, and providing for adequate skilled labor.  

Additionally, because of the tropical environment, 

PREPA may also consider enhancing their vegetation 

management program to go above and beyond 

typical industry practices. Finally, PREPA may need to 

better manage its distribution pole attachments by 

performing wind loading studies and requiring 

attachment owners to fund required upgrades. 

¶ Organizational Change Management ɀ This report 

proposes a significant amount of grid modernization 

and the use of new technologies, systems, and 

operating methods. PREPA and related stakeholder 

agencies will need to consider the impacts of these 

changes and institutionalize new business processes, 

systems and organizational roles and responsibilities. 

¶ Stakeholder Engagement ɀ Many of the Working 

Group recommendations will require extensive 

stakeholder engagement. These include 

incorporating input from technology suppliers, 

alignment with public agencies and the public in the 

rebuild process, developing close relationships with 

federal funding agencies, and developing financing 

plans and partnerships. 

¶ Project Management ɀ Rebuild implementation 

should be guided by effective project planning, 

monitoring, control, and reporting throughout the 

rebuild lifecycle. Effective project management will 

be required to deliver on these rebuild 

recommendations, optimize the use of federal 

funding, provide transparency and accountability, 
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and comply with federal tracking, control and 

reporting requirements. 

¶ Emergency Planning ɀ PREPA, along with its 

infrastructure partners in Puerto Rico need to 

develop an enhanced integrated emergency planning 

and response capability based on best-in-class 

Incident Command System (ICS) principles. 

3. T&D System Rebuild and 
Hardening 

Transmission System  

02%0!ȭÓ ÔÒÁÎÓÍÉÓÓÉÏÎ ÎÅÔ×ÏÒË consists of 2,478 miles of 

lines that deliver power from generating stations to 334 

transmission and subtransmission substations. Higher 

voltage lines operate at 230 kV and 115 kV, with lower 

voltage subtransmission operating at 38 kV. The backbone 

of the Puerto Rico transmission system consists of 230 kV 

overhead lines that form an approximate loop around the 

perimeter of the island.  

 

The transmission network crosses from south to north in 

two locations; one from the Costa Sur generating plant to 

the Manati TC, and the second from the Aguirre generating 

facility to the Aguas Buenas TC. In addition, an existing 115 

kV line from Costa Sur to Cambalache was upgraded to 230 

kV to create a third south to north tie. The 230 kV network 

connects to an extensive 115 kV transmission system that 

supplies power to population centers throughout  the 

island. 

                                                                    
13 Fortieth Annual Report On The Electric Property Of The Puerto Rico Electric 

Power Authority San Juan, Puerto Rico, URS, 2013. 

FIGURE 3-1. PREPA TRANSMISSION SYSTEM  

 
Source: PREPA 

The 230 kV system has two north to south corridors which 

divide the system into three principal loops: 1) the western 

loop; 2) the central loop; and 3) the eastern loop. The 

western loop connects the Costa Sur and EcoElectrica 

generators in the south with the Mayaguez switchyard and 

generation on the west coast, and then continues to the 

northern cities of Aguadilla, Hatillo, and Arecibo. The center 

loop connects generators in the south to the San Juan area 

via Aguas Buenas TC south of the city. A parallel 230 kV line 

in the island center connects the Costa Sur and EcoElectrica 

generators from the south with San Juan and the 

Cambalache combustion turbine on the north coast. The 

central loop is joined by east-west transmission lines 

connecting the Costa Sur units with the Aguirre plant in the 

south, and a line in the north connects Manati to Aguas 

Buenas via Bayamon. The eastern loop connects large 

generating units in the south (Aguirre units in Salinas and 

the AES plant in Guayama) to the eastern part of the island 

through Yabucoa and Rio Blanco, terminating in Sabana 

Llana, southeast of San Juan.13 

 

The 115 kV lines serve all the major load centers on the 

island. PREPA has proposed several new and rehabilitation 

capital improvement projects for 115 kV transmission 

centers and other components of the system as well as 

new 115/38 kV transmission centers, originally scheduled 

between 2013 through 2018. PREPA installed a 28-mile 115 

kV transmission cable line to link the system in the San Juan 

urban area to provide additional backup during storms. The 

115 kV loop includes three highly reliable gas insulated 

substations (Isla Grande, Martin Peña, Palo Seco), two 
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generating stations (San Juan, Palo Seco), and three 

additional key load centers (Monacillos, Hato Rey, 

Bayamón). These newer assets allowed PREPA to bring 

critical load back online in the first days after the storm in 

the San Juan Metro area, which otherwise would have 

taken weeks to power. 

 

The 38 kV subtransmission system serves local load centers 

and are the primary feeds to the more inaccessible interior 

regions. This 38 kV subtransmission system feeds two-

ÔÈÉÒÄÓ ÏÆ 02%0!ȭÓ ÄÉÓÔÒÉÂÕÔÉÏÎ ÓÙÓÔÅÍȢ )Ô ÉÎÃÌÕÄÅÓ ÏÖÅÒÈÅÁÄȟ 

underground, and two 38 kV submarine service to the 

islands of Vieques and Culebra.  

 

Many of these lines were built more than 50 years ago, 

prior to the construction of the major highways crossing 

the island, and most are in difficult-to-reach locations, with 

no right-of-ways separating transmission towers and lines 

from trees or other structures. Due to protected plant and 

wildlife, the right-of-ways cannot be expanded or properly 

maintained in their current locations. The Working Group 

proposes that new transmission lines be installed along 

major highways 

throughout the island.  

 

Major highways have 

established right-of-

ways and should limit 

the environmental 

impact while reducing 

the time needed to 

obtain permits. The 

rebuild costs will also 

be lower along the 

highways because 

they are easily 

accessible by road.  

 

Notably, the southeast 

area of the island is particularly vulnerable to hurricanes, as 

the most destructive storms typically sweep through this 

part of the Caribbean on a northwest trajectory. Where 

possible, relocated transmission lines along highways in this 

area should be further hardened via shorter spans and 

greater separation between phases and grounded 

structures. In addition, these transmission lines should have 

hardened lightning protection because the island is 

susceptible to severe lightning. Also, the prospective 

system should be designed to ensure the system can 

reliably deliver power from generating plants in the south 

to population and industries located in the north. 

Damage Assessment 

Damage information for this report was provided by select 

on-the-ground assessments by the NYPA and Con Edison 

teams as well as periodic reports from PREPA. While this 

information is 

adequate for 

developing initial 

recommendations, 

several planning 

and engineering 

studies are 

necessary to refine 

the proposed 

changes and 

proceed with 

project design. 

 

-ÁÎÙ ÏÆ 02%0!ȭÓ 

transmission lines damaged during the storms were 

constructed decades ago, located in difficult-to-access 

areas where nearby highways now exist. PREPA reported 

that only 15% of the transmission lines are built to a mid-

Category 4 criteria and the remaining 85% are built to lesser 

standards. A key example is the north-south corridor, 

where damage was extensive, and steep hills and muddy 

slopes have made access difficult, leading to long repair 

times. Many transmission corridors, including the North-

South line are heavily treed with narrow rights-of-ways. 

Widening of these corridors is limited due to environmental 

restrictions to accommodate protected wildlife and 

vegetation.  

 

The southern portion of the island is more susceptible and 

more vulnerable to major hurricanes, thereby putting key 

northern load centers at risk.  Table 3-1 presents the extent 

of damage incurred on 115kV and 230kV structures and 

conductors (e.g. broken insulators).  Damage on the 38kV 

subtransmission system is included in the distribution 

system section of this report . 

 

Source: NYPA/Con Edison Damage 

Assessments 

Source: NYPA/Con Edison Damage 

Assessments 
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TABLE 3-1. TRANSMISSION DAMAGE ASSESSMENT14 

kV 
Line 

Segment 

Structures 
(Towers/ 

Poles) 

Damages 
(Conductors/ 
Insulators) 

230 17 106 220 

115 84 530 453 

Totals 101 636 673 

 

Several key transmission lines experienced substantial 

damage during the storms, with lattice tower and pole 

failures and numerous broken insulators. Transmission 

poles located in muddy areas were often upended due to 

unstable footing. Transmission poles and structures that 

toppled or were damaged during the storms have 

compromised the electrical integrity of the interconnected 

grid, with a total loss of supply to many substations. 

Notably, the recent loss of the north-south transmission 

line which caused extended outages in San Juan 

underscores the need for targeted transmission 

reinforcement.  

 

 

 

 

 

 

 

 

 

 

                                                                    
14 Executive Report- Huracan Maria, Electric System Reestablishment Plan - 

Transmission Lines, 11/21/2017 

15 The north-south lines subsequently failed several weeks after the 

storms, plunging San Juan into darkness after the area was restored. 

Rebuild Recommendations 

The Working Group recommends relocating and upgrading 

up to 350 miles of overhead transmission lines, with high 

strength insulators, structures, and conductor spacing 

designed to withstand stronger wind loading than the 

current design standard. At a minimum, structures located 

in areas prone to high winds should be reinforced to 

withstand Category 4 storms, including lines along the 

critical North-South corridor.15 The Working Group also 

recommends that the transmission system be designed to 

enable integration of large renewables and smaller 

microgrids. This would serve to ÒÅÄÕÃÅ 02%0!ȭÓ ÒÅÌÉÁÎÃÅ ÏÎ 

fossil fuel generation while providing greater resiliency to 

the island-wide grid.16  

 

  

16 It is possible that less critical transmission line additions proposed prior 

to the storms can be deferred, delayed, or reconfigured due to the 

proposed increase in renewable generation and the integration of 

microgrids. 

Monopole designs generally performed better than lattice tower designs. 

Source: NYPA/Con Edison Damage Assessments 
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In addition to relocating critical lines along readily 

accessible roadside locations, new transmission should be 

designed and built with monopole steel poles, high 

strength insulators, and vertical construction. The 

proposed 350 miles of new lines should be designed and 

built to 345 kV construction standards.  A 345 kV design 

provides greater distance between conductors and enables 

future planning flexibility, and can initially be operated at 

230 kV. Several lines should include double circuit 

construction on steel monopoles to make the most 

efficient use of transmission corridors.  

 

Many of the existing lines that run over mountains, and are 

not presently built for Category 4, can be abandoned. 

Existing 115 kV poles that are otherwise designed for 

Category 4 located in areas susceptible to leaning or 

uprooting during high winds, should be considered for 

reinforcement via concrete grout injection around the base 

embedment or other means to strengthen and stabilize 

foundations.  

 

New transmission paths are proposed for the 230 kV lines 

along the following roadways: 

¶ Mayaguez to Cambalache along Route 2 

¶ Cambalache to San Juan along Route 22 

¶ San Juan to Aguirre along Route 52 

¶ Aguirre to Costa Sur along Routes 52 and 2 

¶ Aguirre to San Juan via Humacao, Juncos and 

Carolina (various highways)17 

¶ Costa Sur to Mayaguez along Route 2 

¶ Caguas to Juncos along Route 30 

¶ Juncos to San Juan via Carolina (various highways) 

¶ 02%0!ȭÓ new Cambalache to Costa Sur should be 

considered as a part of all engineering and 

feasibility studies 

 

A new four loop transmission system, as illustrated in 

Figure 3-2, will give a lot of flexibility without transmission 

congestion to move power around the island. This will be 

key in providing reliable and affordable energy to both the 

population and industrial centers. It will also help attract 

                                                                    
17 This path may optionally be a Direct Current (DC) Marine Cable. To be 

conservative in estimating, the marine cable is included in the provided 

cost estimates 

more industrial production business to the island, which will 

support economic growth and potential investment 

opportunities.  
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FIGURE 3-2. RECOMMENDED UPGRADE OR RELOCATION 

OF 230 KV TRANSMISSION LINES 

 

Significant permitting challenges exist to implement this 

recommendation and the proper highway authorities 

should consider accelerated or legislated approval once 

initial engineering feasibility studies have been completed. 

Cost 

For the proposed resiliency and hardening, an estimated 

cost of about $7 million per mile has been considered for 

new double circuit 345 kV lines and $1.25 million per mile 

for 138 kV lines operating at 115 kV. The following table 

presents these costs by hazard mitigation category. 

 

Funding for the transmission recommendations would 

primarily consist of FEMA funding for hardening the 

system. 

 

 

                                                                    
18 As noted earlier, this section may alternatively be a conventional 

overhead transmission line if PREPA chooses to forego some of the 

advantages of a DC-DC marine cable. Advantages include dynamic voltage 

response, a solid frequency source, and power flow control. 

  

Cost Category 
Costs  

($ Millions) 
Description 

Wind Damage $1,054 

Replace poles for higher wind rating 
and jet grout existing self-embedded 
poles for higher wind rating, install 
wider spacing for better insulation, 
selectively underground high-risk 
spans, install intermediate poles to 
reduce galloping and slapping  

Insulators 
Compromised 

$20 

Replace insulators with higher 
insulation level in salt contamination 
areas, replace insulator with higher 
strength insulators  

Flooding $586 
Straighten and grout existing poles or 
replace with deeper subgrade and/or 
engineered foundations 

Accessibility $2,639 
Develop looped transmission overlay 
on existing highways 

Overhead 
Subtotal 

$ 4,299  

Underground $ 601 SE Puerto Rico underground bypass18 

Transmission 
Total 

$ 4,900  

TABLE 3-2. TRANSMISSION SYSTEM COST ESTIMATES 
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Timeline 

Over the short -term (one to six months), interim repairs are 

required to restore service. Considering the planning 

studies, permitting19 and equipment lead times, the 

investment in the transmission rebuild is estimated over a 

period of five to 10 years. Further, due to the large number 

of substations impacted, careful scheduling and 

coordination with transmission upgrades is required to 

ensure the system can operate reliably while new 

transmission build is underway. 

Distribution System 

02%0!ȭÓ ÄÉÓÔÒÉÂÕÔÉÏÎ ÓÙÓÔÅÍ ÉÓ made up of roughly 1,200 

circuits, with over 30,000 miles of overhead and 

underground lines. Most circuits operate at voltages 

ranging from 4 kV to 13 kV, which is common among 

ÅÌÅÃÔÒÉÃ ÕÔÉÌÉÔÉÅÓȢ 02%0!ȭÓ ÄÉÓÔÒÉÂÕÔÉÏÎ ÓÙÓÔÅÍ ÉÓ ÐÒÉÍÁÒÉÌÙ 

overhead, with six percent of the circuit miles located 

underground. The underground lines mostly supply urban 

areas, including San Juan. The overhead system includes 

auto loops in some areas (about 30 total on the system) to 

ensure redundant substation feeds to customer demand 

centers. Distribution poles are primarily galvanized steel 

and concrete, with a limited population of wood poles. 

These poles are susceptible to high winds; concrete poles, 

in particular, were significantly damaged during Hurricane 

Maria. In addition, distribution lines are run near 

transmission poles and other structures, increasing the 

likelihood of wind causing contact and short circuits.  

 

The distribution system was not originally designed to a 

Category 4 standard. There were few feeder ties, limited 

redundancy, or automation to provide backup or aid in the 

restoration of service. Accordingly, the primary objective 

for hardening the distribution system is reducing the 

number of customers impacted and reducing recovery 

times for future storms. 

Damage Assessment 

Damage information for this report was provided by select 

on-the-ground assessments by the NYPA and Con Edison 

teams as well as damage reports from PREPA. While this 

information is adequate for developing initial 

recommendations, several planning and engineering 

                                                                    
19 Authorities should consider accelerated or legislated permitting 

approval once initial engineering feasibility studies have been completed. 

studies are necessary to refine and prioritize 

recommendations and proceed with project design.  

 

The distribution system encountered significant damage, 

with up to 75 percent of circuits needing repair. Both the 

overhead and underground systems were affected. Pre-

storm distribution poles were not designed to withstand a 

Category 4 storm and underground equipment experienced 

water and contaminant intrusion. The limited use of dead-

end breakaways on distribution poles led to a domino 

effect, with long sections of line failing successively.  

Concrete and wood poles both experienced severe 

damage, while galvanized steel fared better during the 

storm. Numerous substations located along distribution 

circuits that step down primary voltages to lower primary, 

or secondary voltages were also severely damaged. The 

photos below illustrate the severity of damage 

encountered on overhead lines, including destroyed 

concrete and wood distribution poles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: NYPA/Con Edison Damage Assessments 
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Rebuild Recommendations 

The Working Group recommends the rebuild and 

reinforcement up to 75% of its 1,200 distribution circuits. 

Essential near-term improvements include the following: 

¶ Relocate distribution lines so that they are not on the 

same side of the street as existing transmission lines 

to reduce common mode failures. 

¶ Upgrade conductor size and use fully insulated wire 

(tree wire or bundled conductor) in areas where 

trees are present. 

¶ Install breakaway service connectors on poles to 

limit the number of poles impacted by high winds. 

¶ Install automated switching devices and enhance 

protection and controls by converting from 

electromechanical relays and SCADA to more 

modern and flexible microprocessor controlled 

devices on critical line segments. At least two 

automated sectionalizing devices should be installed 

on overhead mainline sections. 

¶ Install underground lines in select areas prone to 

high wind damage. 

¶ Convert lower voltage 4 kV lines to operate at 15 kV, 

which will improve efficiency and the ability to 

restore energy demand during storms.  

 

A post-restoration survey will be needed to identify which 

poles may have been upgraded in the restoration process. 

 

These improvements will greatly reduce the amount of 

damage caused by storms like Hurricane Maria, thereby 

lessening cost of repair and number of customers affected 

in the future. Not all lines can be designed to be immune 

from storm impacts, but higher design standards and 

advanced technologies such as self-healing circuits will 

improve resilience and sustainability, particularly for critical 

customers and facilities. 

 

Further, the distribution system should be rebuilt to readily 

integrate renewable distributed resources and energy 

storage. These proposed upgrades will reduce maintenance 

and inspection costs while improving reliability metrics and 

                                                                    
20 The use of real-time state estimation system via enhanced distribution 

load flow simulation software, integrated into advanced distribution 

management systems, is essential for high levels of DER, and Microgrid 

management. 

performance. The adoption of advanced control 

technologies and enhanced operating center functionality 

described below will improve visibility and control of 

distributed resources, and support the development of self-

healing networks. This includes investing in distribution 

automation, which includes installing automatic switches, 

circuit connections, sensors, and communication 

equipment. These investments will improve system 

reliability, reduce the impact of outages, and permit greater 

penetration of DER. Key benefits of recommended 

distribution automation investments include: 

¶ Near real-time visibility for distribution system 

operators, with telemetry provided throughout the 

circuits enabling issues to be identified quickly and 

accurately; 

¶ Remote fault isolation and service restoration, 

thereby decreasing outage duration and area of 

impact; 

¶ Increased operational flexibility with appropriately-

sized line sections for circuit switching, which will 

minimize outages during planned maintenance and 

unplanned outages; and 

¶ Enhanced situational awareness for DER operations, 

including the management and control of smart DER 

interconnections.20 

 

The degree to which these capabilities can be achieved is 

largely dependent on the number of isolating switches and 

circuit ties installed on a given circuit, as well as the ability 

to control voltage and loading of distribution circuits. 

Investments will provide greater benefits in more densely 

populated areas versus rural systems where there may be 

longer circuits and fewer connections to other circuits. 

While cost will vary based on the number of automated 

devices installed, it is expected to range between $100k to 

$400k per circuit.  

 Cost 

The following table presents the estimated costs for 

primary resiliency and hardening categories for overhead 

and underground distribution. 
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TABLE 3-3. DISTRIBUTION SYSTEM COST ESTIMATES 

 

Funding for the distribution recommendations would 

primarily consist of FEMA funds for hardening the system 

and other Federal or Territory funding sources, such as 

Community Development Block Grants (CDBG) for the 

deployment of various recommended technologies and 

system enhancements. 

 

Timeline 

The Working Group recommends 50 percent funding in the 

first 18 months and the remaining 50 percent over the next 

two to three years to execute on the distribution rebuild. 

Substations 

02%0!ȭÓ ÐÏ×ÅÒ ÓÙÓÔÅÍ ÉÎÃÌÕÄÅÓ 334 substations owned by 

PREPA which are generally operated at 230 kV, 115 kV, and 

38 kV. The major stations on the transmission system are 

operated at 230kV and 115 kV and include switching 

stations, to direct power flow to the various parts of the 

island, and large substations to step down voltages to the 

38 kV subtransmission and distribution system voltages.   

 

These stations are located throughout the island with some 

being exposed to flooding along the coast and others being 

more vulnerable to rain runoff and debris from high winds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is important that these stations be made more resilient to 

ensure that power flow from generation to the customer 

remains uninterrupted.  

 

The 38 kV substations account for two-ÔÈÉÒÄÓ ÏÆ 02%0!ȭÓ 

distribution capacity on the island. Distribution substations, 

though smaller in size, experienced flooding and high winds 

based on location. Many distribution substations are single 

transformer stations with three or four medium voltage 

circuit breakers. They are often located in urban 

environments or other space-constrained sites due to 

proximity to the customer and load centers. Real estate is 

therefore a challenge in these locations and limits the 

options for physical hardening. PREPA also owns 22 

portable distribution substations that enable them to 

perform substation maintenance. The portable distribution 

substations range in size from 10 MVA to 44 MVA at 38 kV 

and 115 kV, and includes two capacitor banks at 38 kV 18 

MVAR. 

Damage Assessment 

Most PREPA substations experienced some degree of 

damage, with several critically damaged or inaccessible due 

to mudslides and inundation. Particularly noteworthy is the 

extensive damage to switchgear, protection, and control 

systems caused by flooding; which is often visible only by 

onsite inspection. Additionally, several substation control 

houses suffered water intrusion from storm water or wind-

driven rain. The Working Group field inspectors cautioned 

that many substations affected by flooding are inoperable 

Cost Category 
Cost  
(S Millions) 

Description 

Wind Damage $3,432  

Replace poles for higher wind loading, install breakaway service connections, 
install fully insulated wire, relocate distribution away from transmission, 
selectively underground distribution, install intermediate poles on longer 
spans, install wider spacing in high debris areas 

Insulators 
Compromised 

$208  
Replace insulators with higher insulation level in salt contamination areas, 
replace insulators with higher strength designs in high wind areas 

Flooding $965  
Replace poles with deeper subgrade support, selectively underground in areas 
with water-driven debris 

Accessibility $429  
Relocate lines to accessible street level, selectively replace overhead with 
underground 

Operability $234 Add automated switches with FDIR capability 

Overhead Subtotal $5,268  

Distribution 
Underground 

$35 
Selectively install submersible equipment, elevate equipment and 
terminations, spot replace underground with overhead, install engineered 
protection of cables and conduit in washout areas  

Distribution Total $5,303  
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due to presence of contaminants and physical damage. We 

have designated some flooded stations as inaccessible and 

dangerous for restoration due to damage, as there is a 

safety risk if these substations were reenergized absent 

repair or rebuild. 

 

-ÏÓÔ ÏÆ 02%0!ȭÓ ÁÓÓÅÔÓ ×ÅÒÅ ÉÎÓÔÁÌÌÅÄ ÍÏÒÅ ÔÈÁÎ ΥΡ ÙÅÁÒÓ 

ago. Accordingly, decisions to rebuild assets such as control 

systems, protection systems, oil circuit breakers, and 

communication systems should consider the remaining life 

of these assets, and replacement, rather than repair should 

be considered. 

 

Table 3-4. Summary of NYPA Substation Assessment 

 

Table 3-4 includes an assessment of 

the condition of the substations. These 

conditions are categorized based on 

the observations during substation 

survey conducted by the working 

group. These are  

¶ Good condition ɀ Station is or 

may be energized and is good 

condition 

¶ Some Exposure ɀ Station needs 

some work such as fencing and 

vegetation management 

¶ Minor Damage ɀ Significant 

work needs to be performed. 

This can include high side de-

energized or load isolated, not 

grounded, blown fuses, 

equipment replacement needed 

due to broken insulators, 

downed microwave tower, blown 

feeder pothead, containment of transformers. 

¶ Major Damage ɀ Major work needs to be 

performed. This can include structures or poles 

broken, flooded substations, trees down on 

building, equipment damaged and need 

replacement to operate, dangerous conditions for 

energizing the substation. 

As this survey was done early in the restoration effort some 

of the stations which might have been inoperable are 

restored to operable state, but there are improvements 

needed to these substations for hardening and resiliency.  

In addition, the Working Group performed an analysis of 

the existing substation sites using latitude and longitude 

locations provided by PREPA plotted on GIS mapping of the 

potential flood zones as identified by the current FEMA 

mapping (Figure 3-3). Table 3-5 depicts 

the infrastructure per voltage class and 

the risk of flooding relative to the flood 

zone. 

 

  

 

 

Figure 3-3. GIS MAPPING - 

SUBSTATIONS AND FLOOD RISK AREAS 

IN PUERTO RICO 

 

Region 
Number 

of 
Stations 

Good 
Condition 

Some 
Exposure 

Minor 
Damage 

Major 
Damage 

Old 
Station 

Arecibo 41  11 26 3  

Bayamon 60 6 7 28 18  

Caguas 51 6 4 27 11  

Carolina 31  1 3 23  

Mayaguez 54  21 21 10  

Ponce 32   7 24  

San Juan 60  12 8 40  

VIEQUES 5   1 2 1 

Grand Total 334 12 56 121 131 1 

Source: Navigant Consulting, Inc. 




































































